Asymmetric Cascaded H-bridge (ACHB) level inverters can output more voltage waveforms with fewer cascaded units while ensuring the quality of output voltage waveforms, so they have attracted more and more attention. Taking the topology of Type-III asymmetric CHB multilevel inverters as the research object, a Modified Hybrid Frequency Pulse Width Modulation (MHF-PWM) strategy is proposed in this paper. This modulation strategy overcomes the local overshoot of low-voltage unit in the presence of traditional Hybrid Frequency Pulse Width Modulation (HF-PWM), thus completely eliminating the low frequency harmonics in the output voltage waveform of Type-III ACHB nine-level inverters, and the Total Harmonic Distortion (THD) of output line voltage of the modulation strategy is lower than that of PS-PWM strategy in the whole modulation degree, which effectively improves the quality waveform of the output line voltage. At the same time, the strategy can also improve the problems of current backflow and energy feedback caused by the high-voltage unit pouring current to the low-voltage unit, thereby reducing the imbalance of the output power of the high-voltage and low-voltage units. Finally, the Matlab/Simulink simulation model and experimental platform are established to verify the validity and practicality of the modulation strategy.
Introduction
The Cascaded H-bridge (CHB) multilevel inverter is one of the most common multilevel inverter topologies, and has been widely used in medium voltage high-power inverters and Asymmetric Cascaded (AC) drive industry. CHB multilevel inverters are characterized by many output voltage levels, excellent harmonic performance, high transmission power, and easy modular design and manufacture [1] [2] [3] [4] [5] . With the development of multilevel technology, hybrid cascaded multilevel inverters have been widely used. Based on the traditional symmetric CHB topology, a new Asymmetric Cascaded H-bridge (ACHB) multilevel inverter topology is proposed by Manjreka et al. [6] . According to the difference of the DC source amplitude ratio of the cascading unit, the topology can be divided into two types: Type-II and Type-III ACHB multilevel inverters [7] . The topology can output more levels in the same cascade unit, so it can reduce the number of power switch devices and DC power supply in the same voltage level, and at the same time, it can allow a variety of different voltage levels of power switches to work together, which increases the flexibility of control. Therefore, the concept of ACHB provides a new idea for the development of multilevel inverters, and has good application value and broad development prospects in the field of high-voltage high-power converter and photovoltaic grid-connected inverters [8, 9] . the strategy is applied to the 1:3 type topology, the current backflow is more serious, the low-frequency harmonic content is large, and the output waveform quality is poor.
Based on the above research contents, a modified hybrid frequency modulation strategy is proposed for the characteristics of the Type-III ACHB inverter topology. This strategy can not only solve the problem of local overshoot of the low-voltage unit in traditional hybrid frequency modulation, but also reduce the degree of inverter current backflow under hybrid frequency modulation, thereby reducing the low harmonic content and improving the output power quality of the inverter. The correctness and effectiveness of the proposed method are verified by simulation and experiment.
Type-III ACHB Inverter Topology
The phase A structure of the Type-III ACHB inverter is shown in Figure 1 . The topology is formed by cascading two H-bridge units having a DC-side voltage ratio of 3:1, and S 11 , S 21 , S 31 , S 41 , S 12 , S 22 , S 32 , and S 42 represent the respective switching devices. The DC side voltages of the two H-bridge units H1 and H2 are 3E and E, respectively. The output voltages of the two units are defined as u H1 and u H2 , the output phase voltage is u AN , the output phase voltage fundamental amplitude is u AN (1) , and the output phase current is i o .
whole period, thus avoiding the problem of current backflow. In literature [23] , an improved modulation strategy for single-pole frequency doubling was proposed for H-bridge hybrid cascade inverters. Compared with the traditional modulation strategy, it can halve the maximum switching frequency under the premise of outputting the same energy. However, when the strategy is applied to the 1:3 type topology, the current backflow is more serious, the low-frequency harmonic content is large, and the output waveform quality is poor.
The phase A structure of the Type-III ACHB inverter is shown in Figure 1 . The topology is formed by cascading two H-bridge units having a DC-side voltage ratio of 3:1, and S11, S21, S31, S41, S12, S22, S32, and S42 represent the respective switching devices. The DC side voltages of the two H-bridge units H1 and H2 are 3E and E, respectively. The output voltages of the two units are defined as uH1 and uH2, the output phase voltage is uAN, the output phase voltage fundamental amplitude is uAN (1) , and the output phase current is io. The Type-III ACHB inverter topology can output more levels than the Type-II topology without adding cascading units. The output of the high-voltage unit is three levels of −3E, 0, and 3E, and the output of the low-voltage unit is three levels of −E, 0, and E. Through the cascade of two units, the inverter can realize phase voltage output of nine levels of −4E, −3E, −2E, −E, 0, E, 2E, 3E, 4E.
Suppose the switching function of unit i (i = 1, 2) is:
Then the output level of each unit can be expressed as:
In the formula, Si represents the switching function of the i-th unit; uHi represents the output level of the i-th unit.
Therefore the total output level of the cascade inverter is: The Type-III ACHB inverter topology can output more levels than the Type-II topology without adding cascading units. The output of the high-voltage unit is three levels of −3E, 0, and 3E, and the output of the low-voltage unit is three levels of −E, 0, and E. Through the cascade of two units, the inverter can realize phase voltage output of nine levels of −4E, −3E, −2E, −E, 0, E, 2E, 3E, 4E.
In the formula, S i represents the switching function of the i-th unit; u Hi represents the output level of the i-th unit.
Therefore the total output level of the cascade inverter is:
The state of the cascade inverter and the output level of each unit is represented by (S1, S2). The output level of each unit is as shown in Equation (2), and the total output level of the cascade inverter is as shown in Equation (3). Table 1 shows the operating status of the ACHB inverter. As it can Electronics 2020, 9, 263 4 of 16 be seen from the synthesis method of PWM levels in each interval in Figure 2 , that when different PWM synthesis methods are selected, the output waveforms of different PWM levels will be corresponding, so that the output voltage waveforms of all levels of each cascade units are different. In the following, the positive half cycle is taken as an example to elaborate the synthesis method of the PWM level in each interval. Table 1 . Inverter output voltage and switching function.
Switch Status
High-voltage Unit Low-voltage Unit Phase Voltage S 11 S 31 S 12 S 32
The state of the cascade inverter and the output level of each unit is represented by (S1, S2). The output level of each unit is as shown in Equation (2), and the total output level of the cascade inverter is as shown in Equation (3). Table 1 shows the operating status of the ACHB inverter. As it can be seen from the synthesis method of PWM levels in each interval in Figure 2 , that when different PWM synthesis methods are selected, the output waveforms of different PWM levels will be corresponding, so that the output voltage waveforms of all levels of each cascade units are different. In the following, the positive half cycle is taken as an example to elaborate the synthesis method of the PWM level in each interval. Table 1 . Inverter output voltage and switching function.
Switch Status High-voltage Unit Low-voltage Unit Phase Voltage S11 S31 S12 S32 Combined with Table 1 and Figure 2 , it can be concluded that: When the inverter outputs 0, ±E, and ±3E, there are redundant switching states. There are 16 switching states in total for the combination of the two units. When the PWM level is synthesized by the hybrid modulation method of A + B + C + D, it can be seen that in the switching states 2E and −2E, the opposite polarity of the output voltage of the high-voltage and low-voltage units must occur, which is determined by the inherent disadvantages of the topology of the Type-III ACHB inverter.
Hybrid Frequency Modulation Strategy
The hybrid frequency modulation strategy of Type-III ACHB combines step wave modulation and PWM modulation. The high-voltage unit adopts low frequency step wave modulation, and the Combined with Table 1 and Figure 2 , it can be concluded that: When the inverter outputs 0, ±E, and ±3E, there are redundant switching states. There are 16 switching states in total for the combination of the two units. When the PWM level is synthesized by the hybrid modulation method of A + B + C + D, it can be seen that in the switching states 2E and −2E, the opposite polarity of the output voltage of the high-voltage and low-voltage units must occur, which is determined by the inherent disadvantages of the topology of the Type-III ACHB inverter.
The hybrid frequency modulation strategy of Type-III ACHB combines step wave modulation and PWM modulation. The high-voltage unit adopts low frequency step wave modulation, and the switching loss is small; the low-voltage unit adopts high frequency PWM modulation, and the harmonic performance of the output voltage is good. Figure 3 shows the principle of the HF-PWM modulation strategy. First, a square wave signal v a is defined that is obtained by mutually modulating the modulated wave v m of the high-voltage unit and ±1. The drive pulse signal of each switch of the H1 unit can be obtained by using v a . Then, by using the switching loss is small; the low-voltage unit adopts high frequency PWM modulation, and the harmonic performance of the output voltage is good. Figure 3 shows the principle of the HF-PWM modulation strategy. First, a square wave signal va is defined that is obtained by mutually modulating the modulated wave vm of the high-voltage unit and ±1. The drive pulse signal of each switch of the H1 unit can be obtained by using va. Then, by using the modulation wave vm of the high-voltage unit minus va, the modulation signal vref of the low-voltage unit is obtained. Finally, the vref and the triangular carriers vcr1 and vcr1-are modulated, and the driving pulse signals of the respective switching tubes of the low-voltage unit H2 can be obtained.
Local square wave
Local square wave The drive logic signals of the high-voltage unit are shown in Equations (4) and (5):
The drive logic signals of the low-voltage unit are shown in Equations (6) and (7):
It can be concluded from Figure 3 that when the traditional HF-PWM strategy is used, an overshoot phenomenon in which the amplitude of the modulation wave vref exceeds the amplitude of the triangular carrier wave occurs in some intervals. This overshoot phenomenon causes a problem of a local square wave in the output voltage, which causes a large increase in the low-frequency harmonics of the output voltage waveform of the Type-III ACHB inverter. Table 2 shows the change of the voltage status of each output phase. The HF-PWM strategy of the Type-III ACHB inverter can only achieve partial PWM modulation. When the phase voltage output is −E~−2E and E~2E, PWM modulation cannot be realized. The drive logic signals of the high-voltage unit are shown in Equations (4) and (5):
It can be concluded from Figure 3 that when the traditional HF-PWM strategy is used, an overshoot phenomenon in which the amplitude of the modulation wave v ref exceeds the amplitude of the triangular carrier wave occurs in some intervals. This overshoot phenomenon causes a problem of a local square wave in the output voltage, which causes a large increase in the low-frequency harmonics of the output voltage waveform of the Type-III ACHB inverter. Table 2 shows the change of the voltage status of each output phase. The HF-PWM strategy of the Type-III ACHB inverter can only achieve partial PWM modulation. When the phase voltage output is −E~−2E and E~2E, PWM modulation cannot be realized. 
Modified Hybrid Frequency Modulation Strategy
Against the problems of the above hybrid frequency modulation strategy, a modified hybrid frequency modulation (MHF-PWM) strategy is proposed in this paper. The modulation principle is shown in Figure 4 . The high-voltage unit performs sinusoidal pulse width modulation (SPWM) by using a sine wave v m and a pair of positive and negative inversion carriers v cr2 and v cr2− , thereby obtaining driving logic signals of the switching tubes of the high-voltage unit. The low-voltage unit adopts a single-pole frequency-doubled SPWM modulation method, and performs a logic operation on the modulated wave v ref and the carriers v cr1 and v cr1 to obtain driving pulse signals of the switching tubes of the low-voltage unit. Among them, the amplitude of carrier v cr1 and v cr1− is E, the frequency is 1/2 of v cr2 , and the phase difference is 180 • . Since v cr1 and v cr1− have the characteristics of carrier phase shifting, H2 can output high frequency PWM waveforms at a lower switching frequency.
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Assume that the output voltage of the high-voltage unit of the inverter is u 1 . As can be seen from Figure 4 , the fundamental voltage of the output voltage of the inverter is:
where m (0 < m ≤ 1) is the modulation ratio. The generation of the high-voltage and low-voltage unit drive logic signals is given below. Among them, the modulation wave v ref of the low-voltage H2 unit can be expressed as:
The drive logic signals for the high-voltage H1 unit are shown in Equations (10) and (11):
The drive logic signals for the low-voltage H2 unit are shown in Equations (12) and (13): Table 3 shows the change state of each output voltage under the MHF-PWM strategy. As can be further seen from Table 3 , When the phase voltage output of the Type-III ACHB inverter is −E~−2E and E~2E, the low-voltage unit realizes PWM completely, so that there is no local square wave in the output voltage, which effectively improves the quality of the output voltage waveform of the Type-III ACHB multilevel inverter. 
Simulation
In order to verify the effect of MHF-PWM strategy in the Type-III ACHB Inverter, the simulation model was built in the Matlab simulation environment for the HF-PWM strategy and the MHF-PWM Electronics 2020, 9, 263 8 of 16 strategy proposed in this paper, and the simulation was verified. The relevant parameters in the simulation model are shown in Table 4 . The simulation waveform of output voltage and current under the control of traditional HF-PWM and MHF-PWM is shown in Figure 5 . As can be seen from Figure 5a , when the traditional HF-PWM strategy was used, an overshoot phenomenon in which the amplitude of the modulation wave v ref exceeded the amplitude of the triangular carrier wave occurred in some intervals. Therefore, it was clearly seen that the output voltage u H2 of the low-voltage unit corresponding to the over-modulated region output was not a PWM wave, but a local square wave. The area corresponding to the output phase voltage u AN of the inverter can only be a square wave waveform; this results in a substantial increase in the low frequency sub-harmonic content in the phase voltage waveform. It can be seen from Figure 5b , that under the MHF-PWM control, there was no area for outputting a square wave waveform in the whole cycle, which solved the problem of the local square wave of the output voltage. Therefore, the low-frequency sub-harmonic content of the phase voltage was much smaller than that of the HF-PWM control and the waveform quality was better. As can be seen in Figure 5a ,b, both the low-voltage H2 unit and the high-voltage H1 unit had the phenomenon of opposite polarity of output voltage, so the two modulation strategies had the problem of current backflow, which was determined by the inherent disadvantages of the topology of the Type-III ACHB inverter. The simulation waveform of output voltage and current under the control of traditional HF-PWM and MHF-PWM is shown in Figure 5 . As can be seen from Figure 5a , when the traditional HF-PWM strategy was used, an overshoot phenomenon in which the amplitude of the modulation wave vref exceeded the amplitude of the triangular carrier wave occurred in some intervals. Therefore, it was clearly seen that the output voltage uH2 of the low-voltage unit corresponding to the overmodulated region output was not a PWM wave, but a local square wave. The area corresponding to the output phase voltage uAN of the inverter can only be a square wave waveform; this results in a substantial increase in the low frequency sub-harmonic content in the phase voltage waveform. It can be seen from Figure 5b , that under the MHF-PWM control, there was no area for outputting a square wave waveform in the whole cycle, which solved the problem of the local square wave of the output voltage. Therefore, the low-frequency sub-harmonic content of the phase voltage was much smaller than that of the HF-PWM control and the waveform quality was better. As can be seen in Figure 5a ,b, both the low-voltage H2 unit and the high-voltage H1 unit had the phenomenon of opposite polarity of output voltage, so the two modulation strategies had the problem of current backflow, which was determined by the inherent disadvantages of the topology of the Type-III ACHB inverter. The spectrum of output phase voltage, phase current and line voltage of the HF-PWM and MHF-PWM strategies proposed in this paper are shown in Figure 6 . It can be seen from Figure 6a ,b,e, that under HF-PWM strategy, the harmonic components of phase voltage uAN and phase current iAN were mainly concentrated near 2mf, such as 2mf ± 3, 2mf ± 7, etc., among which the amplitude of the 3rd, 5th, and 7th harmonics was higher. The Total Harmonic Distortion (THD) of uAN was 17.32%, the THD of iAN was 8.16%. Because of the three-phase symmetrical load, the waveform of uAB had no 3th harmonic, but its 5th and 7th harmonic amplitude was still large, the THD of uAB was 13.78%. It can be seen from that under HF-PWM strategy, the harmonic components of phase voltage u AN and phase current i AN were mainly concentrated near 2m f , such as 2m f ± 3, 2m f ± 7, etc., among which the amplitude of the 3rd, 5th, and 7th harmonics was higher. The Total Harmonic Distortion (THD) of u AN was 17.32%, the THD of i AN was 8.16%. Because of the three-phase symmetrical load, the waveform of u AB had no 3th harmonic, but its 5th and 7th harmonic amplitude was still large, the THD of u AB was 13.78%. It can be seen from Figure 6c ,d,f, that under the MHF-PWM strategy, the spectrum of the u AN and u AB voltage waveforms was also mainly distributed around 2m f , but the low-frequency sub-harmonics such as the 3rd, 5th, and 7th harmonics were basically eliminated. The THD contents of u AN and u AB were 16.63% and 13.53%, respectively, and the THD of i AN was 2.34%. Therefore, the MHF-PWM strategy proposed in this paper can eliminate the low-frequency sub-harmonics in the output voltage waveform of the Type-III ACHB nine-level inverter, which greatly improves the quality of the inverter output voltage waveform.
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MHF-PWM strategy
Non-existent Improved 8 switches output 9 levels Lower than PS-PWM in the whole regulation cycle
Low-frequency harmonics such as 3rd, 5th, and 7th harmonics are eliminated
Experiment
In order to further verify the actual control effect of the proposed MHF-PWM control method in this paper, the circuit block diagram of MHF-PWM driving logic signal was established, as shown in Figure 10 .
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The main parameters were as follows: The input voltage of DC side was 75 V and 25 V respectively, output voltage frequency 50 Hz, carrier frequency 5 kHz, filter inductance L = 4 mH, load resistance R = 20 Ω, carrier ratio mf = 100, modulation degree m = 0.85. Figure 11 shows the experimental results of the ACHB nine-level inverter under the traditional hybrid modulation strategy. Figure 11a shows the output waveforms of the two-unit output voltages uH1 and uH2 and the phase voltage uAN, uH1 is a staircase wave and uH2 is a high-frequency PWM wave. When uAN is in [25V, 50V] and [−50 V, −25V], continuous PWM wave output cannot be achieved due to overshoot problem; Figure 11b ,c are harmonic spectrum diagrams of the output phase voltage uAN and the phase current iAN, respectively. It can be seen from the figure that the harmonics of uAN and iAN were mainly 2mf ± 7th harmonics, and a large number of low-frequency harmonics such as 3th, 5th, and 7th, and the THD values of uAN and iAN were 17.59% and 8.23% respectively. Figure 12 shows the experimental results of the ACHB inverter under the MHF-PWM strategy. Figure 12a shows the output waveforms of the two-unit output voltages uH1 and uH2 and the phase voltage uAN, uH1 and uH2 are high frequency PWM waves. This strategy solved the problem of local square wave when phase voltage uAN was in [25 V, 50 V] and [−50 V, −25 V], and realized the continuous PWM wave output of output voltage. Figure 12b ,c are harmonic spectrum diagrams of the output phase voltage uAN and the phase current iAN, respectively. It can be seen from the figure that although the harmonics of uAN and iAN mainly contained the 2mf ± 7th harmonic, however, their 3th, 5th, 7th, and other low frequency harmonics were substantially eliminated. The THD values of uAN and iAN were 16.85% and 2.45%, respectively. Compared with the results of the THD values of uAN and iAN of 17.59% and 8.23% under the HF-PWM strategy, the THD of uAN and iAN under the MHF-PWM strategy was lower than that of the traditional HF-PWM, thus improving the quality of the inverter output voltage waveform. The main parameters were as follows: The input voltage of DC side was 75 V and 25 V respectively, output voltage frequency 50 Hz, carrier frequency 5 kHz, filter inductance L = 4 mH, load resistance R = 20 Ω, carrier ratio m f = 100, modulation degree m = 0.85. Figure 11 shows the experimental results of the ACHB nine-level inverter under the traditional hybrid modulation strategy. Figure 11a shows the output waveforms of the two-unit output voltages u H1 and u H2 and the phase voltage u AN , u H1 is a staircase wave and u H2 is a high-frequency PWM wave. When u AN is in [25V, 50V] and [−50 V, −25V], continuous PWM wave output cannot be achieved due to overshoot problem; Figure 11b ,c are harmonic spectrum diagrams of the output phase voltage u AN and the phase current i AN , respectively. It can be seen from the figure that the harmonics of u AN and i AN were mainly 2m f ± 7th harmonics, and a large number of low-frequency harmonics such as 3th, 5th, and 7th, and the THD values of u AN and i AN were 17.59% and 8.23% respectively. Figure 12 shows the experimental results of the ACHB inverter under the MHF-PWM strategy. Figure 12a shows the output waveforms of the two-unit output voltages u H1 and u H2 and the phase voltage u AN , u H1 and u H2 are high frequency PWM waves. This strategy solved the problem of local square wave when phase voltage u AN was in [25 V, 50 V] and [−50 V, −25 V], and realized the continuous PWM wave output of output voltage. Figure 12b ,c are harmonic spectrum diagrams of the output phase voltage u AN and the phase current i AN , respectively. It can be seen from the figure that although the harmonics of u AN and i AN mainly contained the 2m f ± 7th harmonic, however, their 3th, 5th, 7th, and other low frequency harmonics were substantially eliminated. The THD values of u AN and i AN were 16.85% and 2.45%, respectively. Compared with the results of the THD values of u AN and i AN of 17.59% and 8.23% under the HF-PWM strategy, the THD of u AN and i AN under the MHF-PWM strategy was lower than that of the traditional HF-PWM, thus improving the quality of the inverter output voltage waveform. Electronics 2020, 9, It can be seen from the experimental waveforms that the MHF-PWM strategy proposed in this paper solved the problem of local square waves due to overshoot of the output voltage waveform of the low-voltage unit, and basically realized PWM modulation in the full range, thereby eliminating the 3rd, 5th, and 7th low-frequency harmonics in the output voltage waveform of Type-III ACHB It can be seen from the experimental waveforms that the MHF-PWM strategy proposed in this paper solved the problem of local square waves due to overshoot of the output voltage waveform of the low-voltage unit, and basically realized PWM modulation in the full range, thereby eliminating the 3rd, 5th, and 7th low-frequency harmonics in the output voltage waveform of Type-III ACHB It can be seen from the experimental waveforms that the MHF-PWM strategy proposed in this paper solved the problem of local square waves due to overshoot of the output voltage waveform of the low-voltage unit, and basically realized PWM modulation in the full range, thereby eliminating the 3rd, 5th, and 7th low-frequency harmonics in the output voltage waveform of Type-III ACHB nine-level Electronics 2020, 9, 263 15 of 16 inverter. The THD values of u AN and i AN were 16.85% and 2.45%, respectively. Compared with the results of the THD values of u AN and i AN of 17.59% and 8.23% under the HF-PWM strategy, the THD of u AN and i AN under the MHF-PWM strategy was lower than that of the traditional HF-PWM, thus improving the quality of the inverter output voltage waveform. And the experimental waveform of MHF-PWM was basically consistent with the simulated waveform, so the validity and authenticity of the modulation strategy was confirmed.
Conclusions
When the Type-III ACHB nine-level inverter adopted the traditional HF-PWM modulation strategy, this strategy had some problems such as only partial PWM modulation, large low-order harmonic content of output voltage waveform, and the high-voltage H1 unit pouring energy into the low-voltage H2 unit. In this paper, an MHF-PWM strategy is proposed, and the following conclusions are obtained through simulation and experimental results:
(1) The MHF-PWM strategy solves the problem of local square wave caused by the overshoot of the output voltage waveform of the low-voltage unit by modifying the modulation wave of the low-voltage H2 unit, thereby eliminating the 3rd, 5th, and 7th low-frequency harmonics in the output voltage waveform of the Type-III ACHB nine-level inverter. At the same time, the THD of u AN and i AN under the MHF-PWM strategy is reduced compared to the traditional HF-PWM, which effectively improves the quality of the inverter output voltage waveform. This strategy retains the advantage that the spectrum content is mainly distributed on both sides of 2m f under the traditional HF-PWM strategy. (2) Compared with HF-PWM strategy control, the high-voltage H1 unit under the MHF-PWM strategy has less energy to inject into the low-voltage H2 unit, which effectively inhibits the accumulation of energy of the high-pressure H1 unit to the low-pressure H2 unit, and reduces the degree of current backflow. Therefore, the unbalanced degree of output power of high-voltage and low-voltage units is also reduced. (3) Compared with the traditional PS-PWM strategy, the MHF-PWM strategy requires fewer switching devices under the same output voltage and power level. Moreover, the THD value of the output voltage under MHF-PWM modulation is lower than that under PS-PWM control throughout the modulation period, especially when the modulation is 0.2 < m < 0.45.
